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Abstract
In this work we report on the simultaneous measurement of the hydrody-
namic coefficient and the electric charge of single Bacillus subtilis spores.
The latter has great importance in protein binding to spores and in the ad-
hesion of spores onto surfaces. The charge and the hydrodynamic coefficient
were measured by an accurate procedure based on the analysis of the motion
of single spores confined by an optical trap. The technique has been vali-
dated using charged spherical polystyrene beads. The excellent agreement of
our results with the expected values demonstrates the quality of our proce-
dure. We measured the charge of spores of B. subtilis purified from a wild
type strain and from two isogenic mutants characterized by an altered spore
surface. Our technique is able to discriminate the three spore types used, by
their charge and by their hydrodynamic coefficient which is related to the
hydrophobic properties of the spore surface.
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1. INTRODUCTION
The electrostatic interaction among charged colloids or among colloids
and surfaces is one of fundamental issues in condensed matter physics. For
instance, the electrostatic interactions between charged microparticles deter-
mine the stability of colloidal dispersions and particle aggregation. In biology,
these electrostatic forces are crucial for the interpretation of ion adsorption
and ion permeation processes as well as in adhesion processes of bacteria and
bacterial spores onto surfaces. These processes are the base of a variety of
phenomena ranging from the development of new biomaterials for biomedical
application to the prevention of food contamination by bacterial biofilms and
to the delivery of drugs and antigens to human mucosal surfaces [1]. In this
context the adhesion of bacterial spores to surfaces is of particular interest
for at least two reasons: (i) decontamination of spores during the industrial
food chain (from food preparation to packaging) and (ii) use of spores as a
platform to deliver drugs and antigens to the human mucosal surfaces.
Spores are metabolically quiescent cells, extremely resistant to harsh en-
vironmental conditions. Spore resistance to extreme con- ditions is due to
their structure characterized by a dehydrated cytoplasm surrounded by sev-
eral protective layers: the thick cortex formed of peptidoglycan, a multilay-
ered coat mostly formed by proteins and the recently identified crust, formed
of proteins and glycoproteins [2]. Because of their resistance to thermal
and chemical treatments treatments spores cannot be efficiently removed by
standard procedures. In the presence of water and organic molecules spores
germinate originating cells able to grow and compromise the quality and
safety of food products. Understanding the physicochemical nature of the
interaction between spores and surface could probably lead to the use of
more appropriate decontamination procedures. The resistance properties of
spores, together with the safety record of several spore-formers species, is
also the base for considering them as a mucosal delivery system [1]. Also in
this case, a detailed knowledge of the surface properties of spores would help
to rationalize the display of drugs and antigens on the spore surface [3, 4, 5].
The interaction potential between colloids and between colloids and sur-
faces is intensively discussed in literature and remains a challenge for both ex-
periment and theory. Despite its limitations, the Derjaguin-Landau- Verwey-
Overbeek (DLVO) theory [6] describes very well the interaction between
charged colloids in aqueous salt solutions.
Therefore the charge carried by a single colloid or biological object is
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a very relevant parameter to be measured. Usually this can be done by
measuring the electrophoretic mobility µ, that is defined as the ratio of the
velocity v of a charged particle over the applied electric field strength E i.e.
µ = v/E. The zeta potential (ζ) is the electrokinetic potential measured at
the slipping plane in the double layer and is related to the electrophoretic
mobility by the relation: µ = ǫrǫ0ζ/η, being η the viscosity of the fluid
and ǫr and ǫ0 the dielectric constant and the absolute permittivity of vac-
uum, respectively. Therefore the knowledge of these associated parameters
is of fundamental importance to characterise a colloidal system. Commercial
instruments, Zetasizers, are today available to measure the electrophoretic
mobility of microscopic particles and, consequently, the zeta potential. These
instruments are based on Laser Doppler Velocimetry (LDV) and Phase Anal-
ysis Light Scattering (PALS) techniques. Nevertheless these instruments give
ensemble averaged results which have been reported to be dependent on the
particle concentration [7] and are not adequate when the shape of particles
differs significantly from that of a sphere as in the case of the bacterial spores
investigated in this work.
In the last three decades, optical tweezers [8, 9] (OT), have revealed as
a formidable tool in many areas of science. In particular, they have been
used to shed light in colloidal physics for their ability to manipulate single
particles. They are based on a strongly focussed laser beam that exerts a
restoring force on a microscopic dielectric particle close to the focal point. In
such a way the trapped particle results to be confined in an optical potential
that can be considered with a good approximation harmonic. So far, the
restoring force is elastic: Fopt = −κx, being κ the stiffness of the optical trap
and x the displacement from the laser focus. Optical Tweezers in combina-
tion with a nanometre resolution position detection technique [10] represent
a very sensitive force transducer allowing the measurement of forces from
hundredths of pN down to few fN [11, 12] . In particular, recent experi-
ments have demonstrated the possibility to measure electrophoretic mobility
of single colloids in polar and non polar fluids [13, 14, 15] .
Here we show how to extend these techniques to the case of single bacterial
spore dispersed in water. In particular we demonstrate that our technique
is able to measure, simultaneously, the hydrodynamic coefficient and the
electric charge of single particles with arbitrary shape. In this experiment
we used bacterial spores that, at first approximation, can be considered of
ellipsoidal shape and with a complex surface. The only requirement of our
technique is that the confined thermal motion of the trapped object is purely
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translational. When this condition is fulfilled the hydrodynamic coefficient
and the electric charge can be measured in a fast, reliable and precise way.
In addition we demonstrate the possibility to discriminate genetically
modified bacillus spores from their surface charge. Our method is also able
to estimate the hydrodynamic factor of wild type and mutants spores. This
could open the possibility to measure the degree of hydrophobicity of spores
in different environmental conditions.
2. Theory
The motion of a charged particle of diameter d and mass m subjected to
a restoring force with stiffness κ and to an external electric field is described
by the Langevin equation (here for one coordinate only):
mx¨(t) + γx˙(t) + κx = FT (t) + FE (1)
where γ s the hydrodynamic coefficient which, for a spherical particle, is
related to the medium viscosity by the relation: γ = 3πηd. FT (t) is the
random thermal force that drives the Brownian motion, it has the statistical
properties of white noise and is defined as:
FT (t) =
√
2γkBTξ(t) (2)
where kB is the Boltzmann constant, T the absolute temperature and ξ(t) is
the zero-mean, δ-correlated Gaussian white noise.
In a fluid with low Reynolds number, like water, the inertial term can
be neglected since the decay time due to viscous losses is of the order of
m/γ, i.e. 10−7 s which is much smaller than the time resolution used in this
experiment (of the order of 10−5 s, see below).
The electric force is FE = Qeff · E where Qeff is the effective charge
of the particle, resulting from the screening of free ions, and E the electric
field strength. In this experiment we used a sinusoidal electric field E(t) =
E0sin(2πfpt), being fp the modulation frequency, thus Eq. (1) becomes:
γx˙(t) + κx = FT (t) +QeffE0sin(2πfpt) (3)
Since this equation is linear, its solution is simply the sum of two terms
x(t) = xT (t)+xE(t): the first represents the motion of the particle in presence
of the thermal motion only, while the second is due to the electric field only
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[14]. In particular the latter is the well known deterministic motion of a
driven oscillator:
xE(t) =
QeffE0
κ [1 + (fp/fC)2]
1/2
sin(2πfpt− φ) (4)
where fC = κ/(2πγ) is the corner frequency of the optical trap and φ is a
constant phase lag between the particle motion and the driving field: φ =
arctg(fp/fC).
It is very convenient to study this dynamics using the AutoCorrelation
Function (ACF) defined as ac(t) =< x(t′)x(t′ + t) >. Since the periodic
electric field and the thermal motion are uncorrelated, the total autocorrela-
tion function is, again, the sum of two autocorrelation functions: one for the
thermal and another for the periodic motion induced by the electric field:
ac(t) = acT (t) + acE(t) =
kBT
κ
e−t/τ +
QeffE0
2κ2 [1 + (fp/fC)2]
1/2
cos(2πfpt) (5)
where τ = γ/κ is the characteristic time of the optical trap which is related
to the corner frequency fC = 1/(2πτ). Equation (5) can be written as the
normalized function acn(t) = ac(t)/ac(0):
acn(t) =
1
1 + Γ2
e−t/τ +
Γ2
1 + Γ2
cos(2πfpt) (6)
The particle motion can be also described in the frequency domain through
its Power Spectral Density (PSD). The Wiener-Khinchin theorem states that
the spectral decomposition of the autocorrelation function is given by the
power spectrum of that process, therefore the PSD is given by:
S(f) =
Apsd
f 2C + f
2
+ Bpsd · δ(f − fp) =
kBT
π2γ
1
f 2C + f
2
+
kBT
κ
πΓ2δ(f − fp) (7)
which is the superposition of a lorentzian function related to the thermal
motion and a peak at the driving frequency of the forcing electric field.
The parameter Γ that appears in Eqs.6 and 7 is the ratio of the periodic
force and the thermal force scaled by the ratio of the frequency modulation
of the external field and the corner frequency of the optical trap:
Γ2 =
< F 2E > / < F
2
T >
1 + (fp/fC)2
(8)
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For weak electric fields Γ≪ and the particle motion is dominated by the ther-
mal fluctuation, while for strong fields Γ ≫ 1 and the motion is essentially
periodic and the thermal fluctuations can be regarded as small perturbation.
Γ is readily obtained from the analysis of the normalized autocorrelation func-
tion and it can directly give the value of the charge carried by the trapped
particle. In fact the mean square thermal force is < F 2T >= kBT/κ, while
that of the periodic field is < F 2E >= Q
2
effE
2/2. Therefore, once Γ is deter-
mined from Eq.6 the effective charge Qeff can be deduced from the following
equation:
Qeff =
Γ
E
√
4πγkBT
(f 2C + f
2
p )
fC
(9)
The effective charge of the trapped particle is determined by experimental
parameters (Γ, fC) obtained from the analysis of its motion in the optical
potential well and also on the knowledge of the hydrodynamic coefficient γ.
We remember that γ depends on the geometric form factor of the particle
and on the viscosity of the fluid. The form factor is well known for spherical
particles and it is equal to 3πηd. For ellipsoidal particles that move along
one of their principal axes the geometric form factors are equal to those of a
sphere multiplied by a correction coefficient Φ [16, 17]. In the specific case
of an ellipsoid with equal short axes the coefficients are:
Φa =
8
3
1[
2r
1−r2 +
2r2−1
(r2−1)3/2 ln
(
r+
√
r2−1
r−
√
r2−1
)] ,
Φb =
8
3
1[
r
r2−1 +
2r2−3
(r2−1)3/2 ln
(
r +
√
r2 − 1
)] (10)
being r the aspect ratio of the ellipsoid (r = a/b with a and b the long
and short diameters). Unfortunately for biological particles, like bacterial
spores, the hydrodynamic coefficient is unknown and, as we will show below,
the approximation to particles with similar shape (mostly ellipsoidal) fails.
Therefore to overcome this issue, it is necessary to measure the hydrodynamic
factor directly.
In OT the position x of the trapped particle is measured with a quadrant
photodiode using the forward light scattering detection technique [10, 18,
19]. The output signal Vx of the QPD should be converted in meter units
(conversion factor β). Usually from the analysis the thermal contribution of
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the auto correlation function or, equivalently, of the PSD (see Eq. (6) and
7) the conversion factor β = x/Vx is easily obtained provided γ is a known
quantity, i.e. the viscosity of the medium and the form factor are known
[10, 18, 19] .
However it is possible to measure the conversion factor β and the hy-
drodynamic coefficient of a trapped particle simultaneously. The method is
based on the measurement of the dynamics of a trapped particle when the
fluid surrounding the particle is moved in a periodic way [20]. This problem
is formally identical to the case, discussed above, of a particle driven by an
external periodic electric field. The motion of the particle is, again, the lin-
ear superposition of the Brownian thermal diffusion with the deterministic
motion due to the dragging of the oscillating fluid.
Again, this oscillation results in a cosinusoidal component in the ACF or,
equivalently, in a sharp peak in the PSD. The signal power under this peak
can be evaluated theoretically and results equal to:
Wth =
A2f 2d
2(f 2d + f
2
C)
(11)
where A is the amplitude of the fluid periodic motion, measured in meter
and fd the modulation frequency of the fluid. Since Wth can be measured
(Wexp) the conversion factor β is, therefore, determined by the square root
of their ratio:
β =
√
Wth
Wexp
=
Afd√
2Wexp[f 2d + f
2
C ]
(12)
Once β has been determined, the hydrodynamic coefficient is straight-
forwardly calculated from the amplitude of the experimental power spectral
density Apsd, by the following equation:
γ =
kBT
π2β2Apsd
. (13)
Apsd and the corner frequency fC are easily obtained from a fitting of the
PSD itself. Therefore it is possible to measure the hydrodynamic coefficient
directly without any information on the size and geometrical form of the
trapped particle. The only assumption required is that the motion of par-
ticle should be only translational, i.e. the particle should not rotate. This
condition is fulfilled for the case of the bacterial spores used in this experi-
ment as shown below.
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Figure 1: (A) Schematic view of the optical tweezers setup, (B) a detail of the sample cell
with ITO planar electrodes, (C) bright light image of a trapped bead (left) and wild type
spore (right).
3. Materials and Methods
The experimental setup (schematically shown in Fig.1) consists of an opti-
cal tweezers build on a high-stability home-made optical microscope equipped
with a high-numerical-aperture water-immersion objective lens (Olympus,
UPLAPO60XW3, NA=1.2). The optical trap is generated by a frequency
and amplitude stabilized Nd-YAG laser (λ = 1.064µm, 500mW maximum
output power, Innolight Mephisto) [21] . The laser beam was expanded to a
final diameter of 10 mm to have a proper overfilling of the back aperture of
the objective lens. The laser power was precisely regulated rotating a half-
wave-plate before a polarizer. To minimize external noise, the experimental
setup was mounted on a passive vibration isolation optical table. Moreover,
the laser paths were kept as short as possible to avoid pointing fluctuations
and the laser beam was enclosed in plastic pipes wherever possible. Finally,
the whole setup was enclosed in a thermal and acoustic insulated box to pre-
vent air circulation and temperature drifts and to avoid heating, a white cold
LED was used to illuminate the sample. The temperature inside the box was
continuously monitored, during each set of measurements the temperature
fluctuations were within 0.2 ◦C.
The 3D position of the trapped particle was monitored through the for-
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ward scattered light [10] imaged onto an InGaAs Quadrant Photodiode (QPD,
Hamamatsu G6849) at the back focal plane of the condenser lens.
For movements in the plane (x,y) perpendicular to the beam propagation
axis (z) the QPD-response was linear for displacements up to 300 nm with
2 nm resolution. The z position is measured following the variations of the
total laser intensity measured at the back focal plane of the condenser. For
small displacements the laser intensity is a monotonic function of the axial
particle position. Since the laser intensity was very stable (< 0.1 % rms) it
was not necessary to normalize the three output signals by the intensity at the
back focal plane. Output signals from the quadrant photodiode were acquired
for 20 s at 50 kHz using a digital oscilloscope (Tektronix TDS5034B), then
data were sent to a computer for further analysis.
We used negatively charged sulfate coated polystyrene micro-spheres (Post-
nova, 1.06 g/cm3 density, 1.65 refractive index) with a diameter of 1.00± 0.08
µm. Particles were diluted in distilled deionized water to a final concentra-
tion of a few particles/µl. The surface charge density, provided by the man-
ufacturer, was 5.7 µC/cm2 that corresponds to a total charge of -1.79×10−13
C.
The spores used in this experiment were purified from a standard labo-
ratory strain of B. subtilis (PY79) and from isogenic mutants carrying null
mutations in the cotE (cotE::cm) [22] or in the cotH (cotH::spc) [23] gene.
After 30 h of growth in Difco Sporulation medium (DSM) at 37 ◦C with
vigorous shaking, spores were harvested, washed three times with distilled
water and purified by gastrografin gradient as described in ref.s [24, 25, 4] .
Spore counts were determined by serial dilution and plate-counting. Spores
were diluted to a final concentration of about 50÷100 spores/µl immediately
before use to prevent adhesion to vial surface and loaded into the sample
cell.
Before starting every measurement, sulfate polystyrene beads or spores
were dispersed in fresh milli-Q water at pH=6.5. After dilution we found
about 1-5 spores/beads in the field of view of our microscope. A droplet of
such solution (50µl) was placed inside a sample chamber made of a 150µm-
thick coverslip and a microscope slide, both coated with ITO (Indium-Tin-
Oxide) that act as planar electrodes. The sample cell was mounted on a
closed-loop piezoelectric stage (Physik Instrumente PI-517.3CL), which al-
lows movements with nanometer resolution.
Since the experiment was performed in water which is a polar fluid it
was necessary to evaluate the effects of the free ions. The first and the most
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relevant effect is the polarization of the electrodes due to the screening of
the counterions. When a voltage difference is applied to the electrodes, the
free ions present in the fluid are attracted toward them. The result is that
ions screen the charge accumulated on the electrodes by the external voltage
supply and the electric field between them vanishes. A simple way to avoid
this effect is to use alternating electric field. However due to the finite drift
velocity of free ions, there is a dependence on the frequency of the alternating
field: increasing the frequency the screening effect reduces since the free ions
cannot reach the electrodes within half the time period, i.e. before inverting
their motion, so the response of the charged particle increases accordingly.
Nevertheless after a certain value of the frequency the response starts to
decrease because the particle cannot follow the oscillating driving field due
to the viscosity of medium (the viscous medium acts like a low pass filter for
the particle motion).
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Figure 2: A) Normalized autocorrelation function of the particle motion along the three
axis. The oscillating electric field is applied along the z-axis. B) Γ as function of the
applied field amplitude E0. The errorbars are the standard deviation over 10 repeated
measurement for each field strength and are hardly visible, indicating the high accuracy
of the technique and the high stability of the setup
In this experiment, we chose a modulation frequency fd = 96.7Hz which
optimize the response of the trapped particle to the external field (for more
details see [26]). A typical autocorrelation function for the three axis is
shown in Fig.2A, it is clearly visible the high signal to noise ratio achievable
and that the oscillation of the particle occurs only along the z-axis where
the uniform electric field was applied. From a fit of the cosinusoidal part of
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Figure 3: SEM images of the spores used in this experiment. In the central picture a
charged PS bead is also visible. Scale bar is 1 µm
the autocorrelation function we measured the force ratio Γ. The behavior
of the force ratio with the amplitude of the applied electric field is shown
in Fig.2B. The data were fitted with a straight line whose slope is the ratio
Γ/E, then using Eq. (9) we can evaluate the value of the effective charge
of the polystyrene bead. The effective charge found was Qeff = (−1.63 ±
0.05) × 10−16C, that compared to the value declared by the manufacturer
(Q = −1.79 × 10−13C) denotes that the condensation of free ions on the
bead surface reduces the total charge of about one thousand times. The
linear behavior of Γ as function of the applied strength confirms that the
charge is constant, i.e. the applied electric field doesn’t affect it even if Γ
becomes greater than one where the electrophoretic force begins to dominate
over the thermal force.
4. Results and Discussion
4.1. Measurement of the hydrodynamic coefficient of bacterial spores
Figure 3 shows a SEM image of the three spore types, used in this ex-
periment, dried on a silicon substrate. The spores are similar in shape and
their size is quite heterogeneous. They have a quasi-elliptical shapes but
the surface is not smooth. The three spore types used in this study are all
isogenic to the wild type strain PY79 but lack either the cotE (BZ213) or the
cotH (ER220) gene because of gene replacements [22, 23]. As a consequence,
spores of strain BZ213 totally lack the outer coat layer [22] while those of
strain ER220 have a strongly defective coat, with several deviations with re-
spect to the wild type at both the outer and inner coat levels [27]. Based on
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these differences it is not surprising that length and width, measured from
SEM images for a large number of spores (N>100) of each strain, varies be-
tween the three spore types with the PY79 (wild type) being the largest and
the BZ213 (cotE) the smallest (Table 1). The values obtained for wild type
spores are in good agreement with those reported by Huang et al. [3].
wild type cotH cotE
a [µm] 1.42±0.09 1.26±0.08 1.16±0.09
b [µm] 0.69±0.03 0.61±0.03 0.60±0.04
φ = a/b 2.1±0.2 2.1±0.2 1.9±0.2
Table 1: Spores diameters and aspect ratios. Errors are the standard deviations over 100
different particles.
Spores are stably trapped by the optical tweezers and, from an optical
bright light image, it seems that their major axis is aligned along the beam
propagation axis (z axis) as it can be seen in Fig.1C where, for comparison,
the image of a trapped microsphere is shown too. All the measurements
(charge and hydrodynamic coefficient) were performed along this axis. Due
to the quite large distribution of the spore sizes it was necessary to measure
the hydrodynamic coefficient for each spore before evaluating its charge.
To study the spore motion inside the optical potential well we recorded
the motion of a trapped wild type spore at different trapping powers. We
observed that at low power the spore displaces and rotates, as can be eas-
ily seen from the shape of the PSDs in Fig.4A. In fact, the PSDs along the
three axes show different relaxation frequencies due to translational, angu-
lar and cross-correlated motions [28]. Increasing the trapping laser power,
we observed a reduction of the angular motion until a certain value of the
power (≈6mW at the sample). Beyond that value, the motion was purely
translational and the shape of the PSDs was a single lorentzian profile (see
Fig.4B).
In this condition we have also checked for a possible presence of residual
rotational effects due to the non-conservative forces always present in an
optical trap. However, following the analysis described in a previous paper
[29], we did not observe any evidence of these effects.
To validate the measurement procedure, we first trapped a polystyrene
bead in the middle of the sample cell at a height of 70 ÷ 80µm to avoid
any influence from the walls, then we applied along the z-axis a sinusoidal
12
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Figure 4: The PSDs of a trapped wild type spore for two different powers. (A) At low
power the motion of the bead is both rotational and translational and the PSD has a
complex shape. (B) At high power the rotational motion disappears and the PSDs have a
lorentzian shape as expected for a purely translational motion. Black solid lines are fitting
to . For clarity only the motion along the x (blue) and z (red) axes are reported.
oscillation to the PZT stage with amplitude A = 150 nm and frequency
fd = 8 Hz that is low enough to be sure that the fluid moves together with
the stage. We recorded several trajectories of the particle position to measure
β and γ. This allowed us to check the goodness of the procedure since these
two parameters can be also evaluated giving the viscosity of the water as
known and extracting them from the result of a fitting of the PSD.
Typical PSD functions obtained from this procedure are reported in Fig.5.
It is evident that the oscillation occurs only along the z-axis and is completely
absent in the other directions. The very flat plateau at low frequencies shows
that the system is very stable. The sharp peak, in the PSD relative to z axis,
at f = 8 Hz is due to the fluid oscillation and is composed by one datum.
This is achieved choosing a measurement time Tm equal to an integer multiple
n of the oscillation period that is Tm = n/fd. In our case Tm = 20 s so far we
recorded exactly 160 oscillation periods. The signal power is simply the area
of the peak at fd in the PSD and since it consists of a single point it follows
that Wexp = Ph · δf where Ph is the height of the peak datum with respect
to the thermal noise plateau and δf = 1/Tm is the frequency resolution of
the PSD.
From the data reported above, we obtained a value of γ = (9.02±0.07)×
10−9 Ns/m (error is the standard deviation over 20 independent recordings).
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Figure 5: PSDs along the three axis, the curves are slightly shifted to show the absence
of peaks in the transverse plane.
The well known Stokes’ law [30] for a sphere of diameter d = 1µm dispersed
in a fluid of viscosity η gives a value of the hydrodynamic coefficient equal
to γ = 3πηd = 8.9× 10−9, where the viscosity value of water at T = 22.7 ◦C
was η = 9.39× 10−4 Pa s [31]. The measured value is in excellent agreement
with the expected value.
As further test to evaluate the precision of the procedure, we measured
the hydrodynamic coefficient of 100 different beads. The ensemble average
resulted: γ¯ = 9.1 ± 0.12 × 10−9 N · s/m. The value is, again, in good
agreement with the expected value. Nevertheless it is worth to note that the
uncertainty of 15% is larger than that obtained for the single bead measure-
ment, because of the poly-dispersion of the beads solution (8% as reported
from the manufacturer), but also to other sources of noise (slow vibrations,
electronics, temperature drifts). These results confirm the accuracy and the
goodness of the technique.
Once the technique has been validated with spherical particles, we were
allowed to measure the hydrodynamic coefficient of spores. To do that we
recorded the trajectory of 100 spores and calculated the hydrodynamic co-
efficients. The average results for the different kinds of spores here used,
are reported in Table2 (together with the value obtained for the charged PS
beads for comparison). The expected values for the spores γth were computed
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considering each spore as an ellipsoidal particle with cylindrical symmetry.
As discussed above, in this case, the hydrodynamic coefficient is essentially
the same of a sphere with a radius equal to the minor radius of the ellipsoid
multiplied by a correction factor (see Eq. (10)). For aspect ratios around 2
like those used in this experiment (see Table 1), the correction is of about
20%.
The comparison between expected and experimental values of γ, for the
three spore types, shows very relevant discrepancies. The first result is that
γexp coefficients are all close but quite larger than the expected values. This
could be ascribed to different reasons: (i) the spore surface is not smooth but
rugged and very irregular as clearly visible in Fig.3, (ii) the spores shape can
be only approximately considered ellipsoidal, and (iii) even if the motion is
purely translational, the spore could not be perfectly aligned and the velocity
field of the fluid, during the oscillatory motion, can increase the alignment
further leading to an higher effective drag coefficient. More interesting results
come from the comparison among investigated spores types. A first result is
that the values for wild type and cotH spores (see Table 2) are similar although
their minor diameters are different. In fact, despite the differences observed
by TEM between PY79 and ER220 spores [27], the final shape and surface
appearance of spores of these two isogenic strains seem to be very similar.
This conclusion is also supported by a functional analysis of spores of the
ER220 strain, phenotypically indistinguishable from the isogenic wild type
for the resistance to lysozyme treatment and the induction of germination
[23].
Another result is that the coefficient for cotE spores is significantly larger
than the other two types of spores. This is an unexpected and very interesting
result because since cotE spores have the short axis diameter smaller than
wild type spores, should have a drag coefficient smaller. On the other hand,
although cotE size is very close to that of cotH spores, again, their γexp
coefficient is rather larger. This suggests that other surface properties could
influence the hydrodynamic behavior of spores. In fact, looking at the SEM
image of Fig.3, it is clear that the surface of cotE spores is drastically different
with respect to the others. In addition, the almost total removal of the
outer coat in cotE spores changes the spore size, but could also change the
hydrophobicity of the surface as well. A decrease of the hydrophobicity
could imply an increase of the friction between the spore surface and the
surrounding fluid.
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beads wild type cotH cotE
γexp [10
−9Ns/m] 9.1±0.5 9.2±0.9 9.4±1.6 12±3
γth [10
−9Ns/m] 8.9±0.6 7.4±0.3 6.5±0.4 6.4±0.4
Table 2: Hydrodynamic coefficients of the beads and spores used in this experiment.
Values in 10−9 Ns/m. The errors on the expected values come from the errors on the
measurements of the size for the spores and from that reported by the manufacturer for
the beads. For the expected values they come from the errors in the size measurement (see
Table 1) in the case of spores, while for beads from the value reported by the manufacturer.
4.2. Charge measurement of bacterial spores
Each type of spores, used in this work, presents a certain degree of het-
erogeneity in shape and charge. So far, to measure their surface charge it was
necessary to measure simultaneously, the force ratio and the hydrodynamic
coefficient of a large number of different spores. Therefore we analysed 100
different spores for each type and polystyrene beads for comparison. For each
of them we measured the hydrodynamic coefficient and the effective charge
as described in the previous sections. Every particle was trapped in the mid-
dle of the sample cell height, then, while the stage was oscillating along the
z axis at fd = 8Hz and A = 150nm we measured the hydrodynamic coef-
ficient γ. Once this measurement was completed, with the stage at rest, we
applied a periodic electric field at fp = 96.7Hz and strength E0 = 1930 V/m
to measure the force ratio Γ and then we calculated the value of the charge.
The averaged results for all the spore type are reported in Table 3 along with
the values obtained for the PS bead.
beads wild type cotH cotE
Qeff [10
−16C] -1.6±0.4 -0.9±0.1 -1.2±0.1 -1.6±0.4
ζ [mV] -24.2±0.8 -30.7±0.9 -28.4±0.7 -34.7±0.8
Table 3: Values of the electric charge and zeta potential for the beads and spores used in
this experiment, we remember that all the charges measured are negative. Errors are the
standard deviations over 100 different particles.
The charge measured for the PS beads differs a little from that reported
in the previous section. This is due to a small difference in the purity of
water used in the two measurements. Moreover, these values are affected by
an uncertainty larger than that obtained for a single particle measurement.
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This is due to the heterogeneity of the sample. Nevertheless it is interesting
to note that for PS beads the uncertainty on the average measurement of γ
is in reasonable agreement with the poly-dispersion in size reported by the
manufacturer. This suggests that PS beads have a very narrow distribution
in size and shape but a quite wide distribution in charge.
Looking at the charge values of spores it is clear that the two mutants,
cotH and cotE have a charge larger than the wild type. This suggest that
removing the protein layers the surface charge increases. In literature it is re-
ported that the surface of B.subtilis spores consists essentially of hexosamine-
peptide organised in a manner that both saccharide and peptide components
are exposed [32, 33]. The hexosamine-peptide can also contain both free car-
boxyl and free amino groups. Therefore the total charge is determined by
the balance of these oppositely charged groups. The removal of outer coat
proteins could modify this balance and then the total charge of the spore,
but also the hydrophobicity properties of the surface.
As further comparison we measured the zeta potential of spores and bead
with a commercial instruments (Zetasizer Nano ZS, Malvern) obtaining the
values reported in Table 3 at pH=6.5. For a spherical particle of radius a
the potential is related to the total effective charge by the following relation:
ζ =
Qeff
4πǫ0ǫra(1 + ka)
(14)
where k is the inverse of Debye length that for pure distilled water is equal to
k−1 = 0.96µm, this relation is valid in the limit of large particles (Helmoltz-
Smoluchowski limit ka ≈ 1). Using Eq. (14) for PS beads we found
Qeff = (−1.55 ± 0.6) × 10−16C which is, as expected, very close to the
value obtained with our technique. It is difficult to compare the zeta po-
tential values of spores because due to their irregular shape. An attempt
can be done assuming an effective radius equal to: i) the average of the
short and long radii of the spore, or ii) the long radius only. The results,
in the case of wild type spore for example, are Qeff = 2.5 × 10−16C and
Qeff = 3.9 × 10−16C, respectively. These values are of the same order of
magnitude of that measured in this work, but not consistent with it and
systematically larger. It worth to be noted that the value of zeta potential
presented in this experiment are comparable to those reported in literature
for the wild type spores [3, 34].
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5. Conclusions
The effective charge of sulfate PS beads and of bacterial spores has been
measured using optical tweezers. We have demonstrated that with this tech-
nique it is possible to discriminate between different mutants of bacterial
spore by their effective charge. It is also possible to measure the hydro-
dynamic coefficient for particle with irregular shape, like spores, with high
precision. The technique allows the study of the heterogeneities in large sam-
ples in spite of the averaged results provided by most commercial instruments
like zetasizers operating with conventional electrokinetic techniques. More-
over the presented method is rapid and reliable and can be easily extended
to microfluidic devices.
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